spp. of the pathogen have been identified: 'Ca. Liberibacter asiaticus,' 'Ca. Liberibacter africanus' (13) , and 'Ca. Liberibacter americanus' (38) . HLB can destroy citrus groves within 5 to 8 years where it occurs (7) . A variety of qualitative methods have been developed for the detection or identification of HLB pathogens and confirmation of disease diagnosis. These include biological indexing (34) , chemifluorescence (36) , microscopic examination (17) , enzyme-linked immunosorbent assay (6) , and DNA amplification (11, 12, 14, 19, 22, 30, (38) (39) (40) .
It is essential to gain a quantitative understanding of plant pathogens in order to develop control strategies based on a quantitative understanding of host-pathogen interactions, disease epidemiology, and vector relations. Quantification of bacteria in host samples usually is performed by counting CFU grown on a plate containing an artificial medium. Such traditional culture-based methods cannot be used for Ca. Liberibacter spp. because none of the Candidatus spp. of Liberibacter has been cultured. DNA-based techniques can circumvent this obstacle.
Real-time polymerase chain reaction (PCR) has been used to quantify bacterial pathogens of humans, such as Enterobacter sakazakii (23) , Salmonella spp., and Escherichia coli O157:H7 (16); of animals (e.g., Mycobacterium avium subsp. paratuberculosis) (33) ; and of plants, as was done for Xylella fastidiosa (21) . In order to quantify the target DNA in a mixed sample and to determine the sensitivity of real-time PCR, a standard curve usually is established based on serial dilutions in water of either a reference DNA sample or a plasmid DNA containing the target DNA (32) . The sensitivity of the assay based on such a standard curve might be different from one obtained with actual samples, which contain nontarget DNA and potential PCR inhibitors (16, 35) . In addition, the standard deviation of the cycle threshold (Ct) values in real-time PCR usually is higher when small amounts of target DNA are present, indicating a higher risk of errors in quantification at lower target DNA concentrations (23) .
These sample composition effects reflect the reality that the quality of yield and purity of DNA extracts, host inhibitors, and preparation errors affect the results of the assay (16) . We determined previously that the DNeasy Plant Kit (Qiagen, Valencia, CA) was the best method for DNA extraction and amplification of pathogens from citrus plants (18) . Inhibitors from citrus plant tissues affect DNA amplification in conventional PCR assays (9, 14, 18) . To monitor the sample composition effects, we developed an internal amplification control for multiplex real-time PCR assays (19) . Based on systematic comparisons among a uniform and extensive set of plant samples using the internal control (20) , our multiplex real-time PCR was about 100-fold more sensitive than published conventional PCR and the LAMP assays (11, 14, 30, 38) .
The objective of this study was to evaluate the effects of sample composition and prior storage of the samples on population estimates of 'Ca. Liberibacter asiaticus' in host plant tissues. Our results indicate that the sensitivity of a real-time PCR assay could be overestimated and the target population could be underestimated in field-grown plant samples when the standard curve was established based on serial dilutions of target DNA in water compared with a standard curve established based on dilutions of the target DNA with a DNA extract from healthy field-grown samples. This improved method for quantification of Ca. Liberibacter spp. will be very useful for revealing the bacterial population thresholds for acquisition and transmission by insect vectors, for survival of the pathogens in planta and in insect vectors, and for induction of disease symptoms. This information is greatly needed for management of the disease.
MATERIALS AND METHODS
Liberibacter strains and plant materials. DNA of 'Ca. Liberibacter asiaticus' strains was isolated from midribs of HLBsymptomatic samples of pumelo, Citrus maxima (Burm.) Merrill. The samples were collected on 1 September 2005 by the Florida Department of Agriculture and Consumer Services in Homestead, FL and contained a high population of the pathogen (19) . Unused portions of these HLBpositive plant materials were stored as whole leaves and chopped midribs in plastic bags at 4°C to determine if prolonged cold storage affected subsequent detection and quantification of the pathogen.
Twigs, leaves, fruit, seed, and roots of field-grown suspect liberibacter-infected citrus plants were received from Florida, Texas, Georgia, Hawaii, and Puerto Rico. These samples were sent to us for testing because the plants had symptoms that could be caused by liberibacters. However, they were tested and shown to be negative for Ca. Liberibacter spp. by conventional and real-time PCR assays (data not shown). These extracts of field-grown plants subsequently were used as healthy plant extracts. Samples from healthy greenhouse-grown citrus plants were also collected from the greenhouses of the United States Department of AgricultureAnimal and Plant Health Inspection Service (USDA-APHIS) and USDA-Agricultural Research Service (ARS), Beltsville, MD and used to prepare healthy plant extracts.
DNA isolation. Total DNA was isolated using the DNeasy Plant Mini kit (Qiagen) from 200 mg of plant tissues and was suspended in 200 µl of Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Total DNA samples were also kindly provided by Dr. Diva C. Teixeira (Fundecitrus, São Paulo, Brazil). These were prepared using a cetyltrimethylammonium bromide method (28) from 500 mg of midribs from healthy field-grown sweet orange trees. Genomic DNA was extracted from strain Mach1-T1 of E. coli (Invitrogen, Carlsbad, CA) grown in Luria-Bertani broth using a Qiagen kit (Qiagen). DNA concentration in extracts was estimated with a SPECTRA max PLUS384 spectrophotometer (Molecular Devices, Sunnyvale, CA), and adjusted to 50 ng/µl with TE buffer.
Plasmid standard for quantification. A 1,160-bp 'Ca. Liberibacter asiaticus' 16S ribosomal DNA (rDNA) fragment was amplified from a field DNA sample from Florida with primer set OI1/OI2c (14) using the validated conventional PCR protocol (20) . The DNA fragment was cloned into the TOPO TA pCRII vector (Invitrogen) and plasmids were propagated in the strain Mach1-T1 of E. coli (Invitrogen) and purified using a PureLink Quick Plasmid Miniprep kit (Invitrogen). The concentration of the plasmid DNA was estimated as above.
The 16S rDNA fragment was confirmed to be from 'Ca. Liberibacter asiaticus' by sequencing at the Center for Biosystems Research, DNA Sequencing Facility, University of Maryland, College Park. The cloned plasmid was named pFL136. The number of copies of pFL136 per microliter was estimated from its known number of base pairs (n = 5,133) and the average molecular mass of a base pair in doublestrand DNA (660 Da). One copy (molecule) of pFL136 is 5.655 × 10 -6 pg. The initial concentration of the pFL136 standard was adjusted in TE buffer to be 10 10 copies/µl.
Ten-fold serial dilutions (10 10 to 1 copy/µl) of pFL136 were prepared in triplicate using water, purified E. coli DNA in TE buffer at 50 ng/µl, and total DNA extract from tissues of healthy citrus plants at 50 ng/µl as diluent to establish standard curves. Similarly, 10-fold serial dilutions of the field DNA extract obtained from midribs of C. maxima infected with 'Ca. Liberibacter asiaticus' were prepared in triplicate using water, E. coli DNA at 50 ng/µl, and total DNA extract from healthy citrus plants at 50 ng/µl to establish standard curves. Finally, the liberibacterinfected C. maxima DNA extracts also were diluted in DNA extracts (50 ng/µl) from various tissues of healthy plants of different citrus species and in total DNA extracts (50 ng/µl) from healthy sweet orange midribs received from different geographic locations.
Real-time PCR. TaqMan real-time PCR assays with the target primer-probe set HLBaspr and the positive internal control primer-probe set COXfpr (citrus mitochondrial cytochrome oxidase) were performed as reported previously (18) mean Ct values (X) were obtained. PCR amplification efficiency (AE) was calculated from the slopes of the standard curves using the equation AE = 10 -slope -1 (1, 10) . If necessary, analysis of variance was performed on the means of Ct values and, when significant, this was followed by a means comparison test (Tukey's) using a confidence level of P = 0.05.
RESULTS
Absolute standard curves. Three absolute standard curves were established using serial dilutions of the cloned plasmid pFL136 standard in water, or in a 50-ng/µl solution of E. coli DNA, or in a total DNA extract (50 ng/µl) from midribs of healthy sweet orange (Table 1 ; Fig. 1 ). The accuracy of real-time PCR assays was high (r 2 > 0.99) for all three diluents based on linear regression analysis. The standard deviation of the mean Ct values tended to increase with increasing dilution of the target extracts, as would be expected. The precision of the assays was high (SD < 0.50 cycles) for all three diluents when 100 copies (0.5655 fg) or more of the plasmid DNA was used per reaction. The PCR AE was similar for all three dilution methods.
However, the detection sensitivity was 10-fold greater for serial dilutions of plasmid pFL136 DNA in water than for dilutions of pFL136 in pure E. coli DNA at 50 ng/µl or in total DNA extract from midribs of healthy sweet orange at 50 ng/µl ( Table  1 ). The limit of detection of the real-time PCR was 10 copies (0.05655 fg) per reaction for the serial dilutions of pFL136 DNA in water. The limit of detection for the serial dilutions made in pure E. coli DNA at 50 ng/µl and in total DNA extract from midribs of healthy sweet orange at 50 ng/µl was the same, at 100 copies (0.5655 fg) of the target plasmid DNA per reaction. The upper detection limit of the real-time PCR for all three dilution methods was the same at up to 10 11 copies (0.5655 µg) of the cloned plasmid pFL136 DNA per reaction (data not shown).
The PCR AE was 9.85% higher when the pFL136 DNA was diluted in water than when either E. coli DNA at 50 ng/µl or total DNA extract from the midribs of healthy sweet orange at 50 ng/µl was used as the diluent. There was no difference in PCR AE between the latter two dilution methods. The mean Ct gradients between two 10-fold dilutions for the absolute standard curves were 2.72, 3.00, and 3.12 for the serial dilutions of the plasmid DNA prepared in the three diluents (Table 1 ; Fig. 1 ).
Sample standard curves. Three standard curves were prepared from a single field DNA sample obtained from midribs of HLB-symptomatic C. maxima leaves collected in Florida. The log of the concentration of the target DNA in the sample was 6.2024, which was estimated through the absolute standard curve Y am = 14.74 -0.3174X (Table 1 ). The log concentrations of 10-fold serial dilutions of the field DNA sample then were 6.2024, 5.2024, 4.2024, 3.2024, and 2.2024, respectively (Table 2) .
There were no differences in the lower detection limit of real-time PCR for the field DNA sample among the serial dilutions prepared in water, E. coli DNA solution at 50 ng/µl, and DNA extract from citrus plants at 50 ng/µl ( Table 2 ; Fig. 1 D-F) . The detection limit was 2.2024 log (1.59 × 10
2 ) copies of the target DNA per reaction. The assay accuracy for the serial dilutions of the field DNA sample in the DNA extract from sweet orange was as high (r 2 > 0.99) as for those dilutions in water and E. coli DNA solution at 50 ng/µl. However, PCR AE for the serial dilutions in DNA extract from healthy sweet orange was 7 to 8% lower than the AE for the serial dilutions in water and E. coli DNA solutions at 50 ng/µl. There were no differences in assay precision (SD of the mean Ct values) among three dilution methods.
Absolute versus sample standard curves. The estimated log concentrations of the target DNA in the field sample in Table 2 were transformed to the estimated target DNA copy number in the serial dilutions in Table 3 Table 2 ), using the Ct values (X) obtained from the serial dilutions of the target DNA (field sample) in total DNA extract from midribs of healthy sweet orange at 50 ng/µl ( Table  2 ). The estimated deviation (ED) of the target DNA copy number was calculated using the equation ED = (estimated valuestandard value)/standard value × 100 (Table 3), where the "standard value" is known from the formula molecular weight of the target and the mass of DNA added to the sample, and the "estimated value" is obtained by regression. There were no significant differences in the means of the absolute values of the ED (MAVED) among the estimates of the target DNA using three sample regression equations (Y sw , Y sd , and Y sm ) established with the serial dilutions of the field DNA sample in water, E. coli DNA at 50 ng/µl, and DNA extract from citrus plants at 50 ng/µl, respectively. In contrast, however, the MAVED values of the target DNA copy number in the field DNA sample using three absolute regression equations (Y aw , Y ad , and Y am ) were significantly higher than those obtained with the sample regression equations Y sw , Y sd , and Y sm . The absolute regression equation Y aw yielded the highest MAVED for the field DNA sample dilutions.
Effects of host tissue on pathogen quantification. Specific standard curves were established for serial dilutions of the field DNA sample in total DNA extract at 50 ng/µl from each of 12 different healthy sweet orange tissues: leaves (petioles, midribs, and blades), bark (stem and root), fruit (peduncle, peel, central axis, septum, and locular membrane), and seed (seed coat and embryo) ( Table 4 ). Based on linear regression analysis, there were no significant differences in PCR assay accuracy (R 2 > 0.99) and precision (SD of the mean Ct value) in detection of pathogen DNA diluted with extracts from various tissues of sweet orange. There were differences in the AE among plant tissues used. The AE for the serial dilutions of target DNA made in DNA extract from healthy peduncle was the highest and the AE with the serial dilutions of target DNA made in DNA extract from healthy leaf blades was the lowest. The difference between the highest and lowest AE was 10%. None of the total DNA extracts containing nontarget DNA and putative PCR inhibitors from citrus plants affected the sensitivity of the realtime PCR assays. Based on the means of Ct values obtained at each of the serial dilutions, a universal standard curve for "plant tissues" (Y ut ) was constructed for various tissues of sweet orange. The universal regression equation for plant tissues also had a high assay accuracy (R 2 > 0.99) and a high AE (0.9337).
Effect of host species on pathogen quantification. To study the effects of various citrus species on estimates of 'Ca. L. asiaticus' populations by real-time PCR, specific standard curves were established for serial dilutions of the infected field DNA sample of total DNA extracts at 50 ng/µl prepared from leaf midribs of healthy plants of nine citrus species (Table 5 ). All nine citrus species were greenhouse grown in Beltsville, MD. Based on linear regression analysis, there were no significant differences in PCR detection accuracy (R 2 > 0.99) and precision (SD of the mean Ct value) among the species used. However, there were differences in AE among the species tested. The real-time PCR with the serial dilutions in DNA extract from sour orange (C. auantium) had the highest AE and the serial dilutions in DNA extract from mandarin (C. reticulata) yielded the lowest AE. The difference between the highest and lowest AE was 17%. A universal standard curve for "species" (Y us ) was constructed for different citrus species based on the mean Ct values obtained at each of the serial dilutions in total DNA extracts from the citrus species evaluated ( Table 5 ). The universal regression equa- (Table 1) . z MAVED = mean of the absolute value of the estimated deviation. MAVEDs followed by the same letter are not significantly different (P = 0.05).
tion for species had both excellent accuracy (R 2 > 0.99) and AE (AE = 0.9413). Effect of geographic location on pathogen quantification. To evaluate geographic effects on estimates of 'Ca. L. asiaticus' populations in plant samples, total DNA extracts were obtained from midribs of healthy sweet orange plants collected from geographically different locations (Table 6 ). Standard curves were established for the serial dilutions of the infected field DNA sample in the healthy DNA extracts. A universal standard curve for "geographic origin" (Y ug ) was obtained for geographic locations based on the mean Ct values obtained at each of the serial dilutions in total DNA extracts of sweet orange leaf midribs from these locations (Table 6 ). No significant differences were found in PCR assay accuracy (R 2 > 0.99) and precision (SD of the mean Ct values) among extracts from different geographic locations. However, the differences in PCR AE among the sweet orange leaf midrib extracts from different locations showed that the same citrus species and tissue might produce different quantity or quality of PCR inhibitors in different geographic areas. The difference between the highest AE and the lowest one was 17%, which was similar to the differences in AE among the various citrus species in Table 5 .
Effect of refrigerated storage on pathogen quantification. To evaluate the effect of sample storage on estimates of 'Ca. Liberibacter asiaticus' populations, intact leaves and chopped midribs from HLB-symptomatic material of pumelo (C. maxima) received from Florida were stored at 4°C for 10 weeks. Total DNA was extracted from the stored materials at weekly intervals. Real-time PCR of the DNA extracts showed no differences in either the Ct values or the estimated number of target DNA molecules ( Table 7 ), indicating that continuous refrigerated storage of plant samples did not affect subsequent quantitative real-time PCR assays.
DISCUSSION
It has been impossible until recently to quantify the titer of the Ca. Liberibacter spp. in host or vector tissues because none of the species have been isolated and cultured in artificial media. Fortunately, realtime PCR has become a mainstream method for quantification in microbiology. Broadly speaking, there are two approaches to estimate the quantity of target DNA molecules in a sample (24, 25, 29, 32, 37) . The absolute quantification method determines the copy number of a DNA template based on a standard curve established from purified target DNA of known mass and known concentration. The relative quantification method uses one experimental sample to normalize and generate estimates of the copy number of the target relative to the reference sample. Absolute standard curves usually are constructed from plasmids containing the target DNA as cloned inserts (31, 40) . Genomic DNA (4, 15, 19, 41) or cells (41) of x Ct values of real-time PCR for serial dilutions are means ± standard deviation. Ten-fold serial dilutions of the DNA sample from plants infected with 'Ca. Liberibacter asiaticus' in Florida were made in total DNA extracts from different tissues of healthy sweet orange. The log concentrations of the target DNA copies in the serial dilutions of the field DNA samples were estimated based on the absolute standard curve Y am = 14.74 -0.3174X (Table 1) . y DNA extracts used as dilution media. The concentration of DNA in extracts from plant tissues collected from healthy sweet orange were adjusted to 50 ng/µl with Tris-EDTA buffer and used as diluent of the infected midrib sample prepared from Citrus maxima. Universal = universal standard curve for different tissues of sweet orange, established based on the mean Ct values. z PCR amplification efficiency (AE) = 10 -slope -1 (15). x Ct values of real-time PCR for serial dilutions are means ± standard deviation. The log of the concentrations of the target DNA copies in the serial dilutions of the field DNA samples were estimated based on the absolute standard curve Y am = 14.74 -0.3174X (Table 1) . y DNA extracts used as dilution media. The concentration of total DNA in extracts from leaf midribs of healthy citrus plants of the species indicated were adjusted to 50 ng/µl with Tris-EDTA buffer and used as diluent in a ten-fold dilution series of the infected midrib sample prepared from Citrus maxima. Universal = universal standard curve for various citrus species, established based on the mean Ct values. z PCR amplification efficiency (AE) = 10 -slope -1 (15).
known concentration also can be used to generate absolute quantification curves. Plasmid DNA standards can be used to replace genomic DNA standards because the two kinds of DNA standards yield similar standard curves (31) . Side-by-side comparison between the direct use of Mycobacterium cells and the use of its genomic DNA in construction of absolute standard curves showed very good correlation for quantification of the causal agent of Johne's disease in cattle (33) .
For absolute quantification of Ca. Liberibacter spp. in host plants, absolute standard curves were established using plasmid pFL136 at known concentrations. Relative standard curves were obtained from serial dilutions of an infected field DNA sample. The number of target molecules in the dilution series was estimated with the absolute standard curve. Analysis of the MAVED ( Table 3 ) showed clearly that it was better to use the relative standard curves rather than the absolute standard curves for quantification of target DNA in the field sample infected by Ca. Liberibacter spp. Real-time PCR for detection and quantification of foodborne pathogens also showed that it was necessary to prepare relative standard curves using the cells or DNA in the samples tested because standard curves for the same target DNA molecule varied with food samples (41) .
The number of target DNA molecules of 'Ca. Liberibacter asiaticus' in extracts of field tissue was underestimated by 84% when the absolute standard curve made from serial dilutions of the cloned plasmid standard in water (Y aw ) was used (Table 3) . This is because the AE of the target DNA in water (1.1878; Table 1 ) was significantly higher than for the field plant DNA sample in water (0.9920; Table 2 ). The differences in AE between the serial dilutions of the cloned plasmid (Table 1) and those of the field plant DNA samples (Table 2) could be due to the different background noises caused by the two DNA samples during fluorescence generation of the real-time PCR reactions (1) .
Amplification of the target occurred at 10 copies per reaction when diluted in water but not when diluted with nontarget E. coli DNA at 50 ng/µl, and the AE for the plasmid target was decreased 10% by the nontarget E. coli DNA (Table 1) . However, when the naturally infected plant extract was used as the source of target DNA, reduction of AE by nontarget E. coli DNA was not observed (Table 2) . This might result from the effect of the nontarget E. coli DNA being overshadowed by the host effects from the nontarget plant DNA and PCR inhibitors present in the plant extract. The PCR inhibitors in DNA extracts from citrus plants have been documented (9, 18) . These inhibitors did not affect the sensitivity of real-time PCR for the detection and identification of pathogens in citrus plants when the extracts were prepared with an optimized protocol (19, 20) .
A range of PCR amplification efficiencies of the pumelo-derived Ca. Liberibacter spp. target DNA were observed when DNA from various tissues of sweet orange was the diluent (0.9797 to 0.8801; Table  4 ), when DNA from different citrus species was evaluated as diluent (1.0305 to 0.8651; Table 5 ), and when the diluent was derived from citrus from geographically different locations (1.0384 to 0.8681; Table 6 ). These differences in PCR AE might be due to differences in quantity and quality of inhibitory compounds that remain in the DNA extract following purification. Three "universal linear regression" equations, have been established to optimize the assay for various tissues (Y ut ; Table 4 ), different citrus species (Y us ; Table 5 ) and geographically different locations (Y ug ; Table 6 ), respectively. These universal linear regression equations were very similar and no significant differences in the slopes or PCR AE among the three universal linear regression equations were found. Therefore a "grand universal regression equation" for citrus extracts, Y = 13.82 -0.2866X, where Y is the log of the target copy number and X is the Ct of the assay, was made by combining the three universal standard curves. This grand universal linear regression accommodates all of the x Ct values of real-time PCR for serial dilutions are means ± standard deviation. The log concentrations of the target DNA copies in the serial dilutions of the field DNA samples were estimated based on the absolute standard curve Y am = 14.74 -0.3174X (Table 1) . y DNA extracts used as dilution media. The concentration of total DNA in extracts from leaf midribs of healthy sweet orange plants from the origins indicated were adjusted to 50ng/µl with Tris-EDTA buffer and used as diluent in a ten-fold dilution series of the infected midrib sample prepared from Citrus maxima. Universal = universal standard curve for different locations, established based on the mean Ct values. z PCR amplification efficiency (AE) = 10 -slope -1 (15). sample effects on quantification of Ca. Liberibacter spp. in citrus plants that we have documented to date. An example of population estimates in citrus samples using the grand universal linear regression is shown in Table 7 . The concentration of 'Ca. Liberibacter asiaticus' in symptomatic leaves of C. maxima could be as high as up to 2.5 × 10 9 copies per gram of midrib. This number may be lower, because 16S rDNA was the target DNA and the number of the 16S rDNA operons per cell of Ca. Liberibacter spp. is unknown, but could be greater than 1. The actual bacterial population would be the target DNA concentration divided by the copy number of the 16S rDNA operon per cell.
Based on the cutoff set up for the grand universal regression line, the low detection limit of the real-time PCR used in this study was 2.27 × 10 2 copies of 16S rDNA from Ca. Liberibacter spp. per reaction. This means that the 16S rDNA copy number must be greater than 2.27 × 10 5 per gram of fresh tissues for the real-time PCR assay to generate a positive result and quantify the pathogen in the sample. The real-time PCR is at least 100-fold more sensitive than conventional PCR for detection of Ca. Liberibacter spp. in citrus plants (19, 20, 22, 40) . Therefore, the target DNA concentration should be at least 2.27 × 10 7 per gram of fresh tissues for conventional PCR to be able to detect the pathogen in citrus plant samples. The detection threshold of the target DNA could be increased as much as 10-fold for both standard format and real-time PCR assays by eluting the DNA in a smaller volume of TE buffer at the end of the extraction protocol. This optimized detection threshold for conventional PCR is 2.27 × 10 6 , which is very close to the bacterial population threshold for symptom development (19) , and the potential exists for routine detection of Ca. Liberibacter spp. in nonsymptomatic citrus tissues by using the realtime PCR method.
Accurate quantification of pathogen populations is fundamental to all aspects of plant pathology. The systematic and quantitative evaluation of sample effects from various plant tissues, different citrus species, and geographically different planting locations on the accuracy and efficiency of real-time PCR demonstrates the importance of carefully matching standards to test samples for quantification. The validated multiplex TaqMan real-time PCR with the grand universal standard regression equation to account for differences in plant samples promises to be a useful tool for study on population biology of the pathogen and for epidemiology and control strategy of the disease. A fully validated and reliable assay for Ca. Liberibacter spp. also is essential for efforts to manage the disease by both regulatory agencies and industry. The demonstration herein that long-term storage of plant samples at 4°C prior to extraction does not affect subsequent HLB real-time PCR results will facilitate the use of this assay for both research and regulatory efforts.
